New and high performance damping materials from ethylene vinyl-acetate copolymer (VA content over 40%, shorted as EVM) and polylactic acid (PLA) blends were prepared with dicumyl peroxide (DCP) as the curing agent and triallyl isocyanurate (TAIC) as the curing coagent. The effects of silica, mesoporous silica and glass beads on the damping of the EVM/PLA blends were examined using a dynamic mechanical analyzer (DMA). The microstructures of the silica, mesoporous silica and glass beads were observed by transmission electron microscope (TEM). The dispersion of the fillers in the matrix was studied using a Rubber Process Analyzer (RPA). The results showed that silica filled blend had an effective damping temperature range (EDTR, tan δ > 0.3) of 81˚C, while the mesoporous silica/silica and glass beads/silica filled blends had EDTR of 86˚C and 85˚C, respectively. Mixtures of mesoporous silica and silica as well as glass beads and silica exhibited a more improved dispersion in the blends than silica alone. Blends filled with mesoporous silica and glass beads retained good mechanical properties as well as improved damping performance.
Introduction
Vibration often causes undesirable consequences, such as unpleasant motions, noise, and dynamic stresses, * Corresponding author. which lead to fatigue and failure of structures, decreased reliability and poor performance [1] . Polymers have been widely applied for achieving acoustic and vibration damping due to their unique combination of low modulus and inherent damping [2] . However, homopolymers usually exhibit effective damping (tan δ > 0.3) in a narrow temperature range of 20˚C -30˚C around their glass transition temperatures (T g ), within which the polymers have pronounced dissipation of the mechanical energy as heat due to the onset of coordinated chain molecular motions [3] . Several methods have been used to modify the dynamic properties of rubbers, for example, blending [4] , interpenetrating polymer network blending [5] [6] , copolymerization [7] - [9] and the addition of inorganic fillers to the polymer matrix [10] [11] .
Ethylene vinyl-acetate copolymers of high vinyl acetate content (EVM) [12] - [14] and polylactic acid (PLA) [15] have abundant ester groups, and can be used as damping materials due to their high tan δ values. Furthermore, their T g are some 70˚C apart and blending of EVM and PLA should enable a large effective damping temperature range (EDTR). In this paper, a Haake torque rheometer (Germany) was chosen to blend EVM with PLA, with dicumyl peroxide (DCP) as the curing agent and triallyl isocyanurate (TAIC) as the curing coagent. The effects of inorganic fillers, including silica, mesoporous silica and glass beads, on the mechanical and damping properties, were examined in order to prepare new and better performance damping materials with wider EDTR. 
Experimental Part

Main Materials
Formula
EVM 80 phr, PLA 20 phr, PCD 2 phr., Silica 30 phr (or mesoporous silica/silica = 1/6, 30 phr; glass beads/silica = 1/5 30 phr); DCP 1 phr, TAIC 0.5 phr.
Sample Preparation
EVM and PLA were dried for 12 hours at 60˚C before use. EVM, PLA and fillers were mixed in a HAAKE Rheomix30000S mixer at a rotor speed of 50 rpm for 12 min at 160˚C. The blends were taken out of the mixer and processed at room temperature with DCP and TAIC on an SK-160B two-roll mill manufactured by Shanghai Plastics and Rubber Machinery Factory, China, and then molded into sheets in a VC-150T-FTMO-3RT vacuum press manufactured by Jiaxin Electric Company, China, at 170˚C for 10 min.
Measurements
The dynamic mechanical analysis was carried out on a Netzsch DMA 242 Dynamic Mechanical Analyzer, manufactured by Netzsch Company, Germany, using a rectangle sample of 35 mm × 4 mm × 2 mm, from −60˚C to 100˚C at a heating rate of 3 K/min and a fixed frequency of 1 Hz in a mode of double cantilever deformation.
Tensile and tear testing were carried out using an AI-7000S Universal Material Tester, manufactured by Taiwan Gaotie Company, with a dumbbell specimen at a tensile speed of 500 mm/min according to ISO 528:2009. Hardness was tested using a shore A Hardness tester, manufactured by Shanghai Liuling Instrument Factory, according to ISO 23651:2009. Dispersion was studied at 1 Hz, 60˚C using a Rubber Process Analyzer (RPA2000), manufactured by Alpha Technologies Company, USA.
Fillers were treated using ultra-sonic oscillation in alcohol for 20 min and then collected on 200 mesh copper TEM grids. The collected fillers were observed in the JEM-2100 transmission electron microscope (TEM), manufactured by JEOL Company, Japan. Figure 1 shows the tan δ-T curves of EVM and PLA and EVM/PLA blends. It can be seen in Figure 1 that the peak value of tan δ of EVM is 0.98 with corresponding T g of 2˚C and an effective damping temperature range (EDTR) (tan δ > 0.3) of 27˚C. The peak value of tan δ of PLA is 2.19 with corresponding T g of 71˚C and an EDTR of 20˚C. It also can be seen that when EVM was blended with PLA and 30 phr silica, the EDTR of EVM/PLA blend was widened to 81˚C, despite a more reduction of the tan δ peak values. Comparing the corresponding T g of EVM and PLA, the blends' T g are not moved closer indicating that EVM 700 is immiscible with PLA. Figure 2 shows the tan δ-T curves of blends filled with 30 phr silica and mesoporous silica/silica mixture. The EDTR of the blend with 30 phr silica was 81˚C. It can be seen in Figure 2 that the EDTR of the blend filled with mesoporous silica/silica mixture was widened to 86˚C indicating that mesoporous silica was beneficial as far as improving the damping properties of blends is concerned.
Results and Discussion
The Effect of Silica on the Damping Properties of EVM/PLA Blends
The Effects of Mesoporous Silica/Silica Mixture on the Damping Properties of EVM/PLA Blends
The Dispersion of Silica and Mesoporous Silica/Silica in EVM/PLA Blends
A Payne effect is observed under cyclic loading conditions with small strain amplitudes. Above approximately 10% strain amplitude, the storage modulus decreases rapidly with increasing amplitude. The storage modulus approaches a lower value at sufficiently large strain amplitudes (roughly 20%) [16] ; small strain amplitude; G ∞ ′ : G′ at large strain amplitude). The larger G′ ∆ is, the more network volume is formed by filler-filler interactions and the stronger the Payne effect and the poorer the dispersion of the fillers [17] . Figure 3 shows the G′ -strain curves of EVM/PLA filled with different fillers. It can be seen in Figure 3 that the blend with 30 phr silica had a higher G′ ∆ , indicating a poor dispersion of silica in the EVM/PLA blend. This can be attributed to the stronger silica to silica hydrogen-bonding. When mesoporous silica was used, it hindered the agglomeration of silica and G′ ∆ was reduced. This suggests that a mixture of mesoporous silica and silica should reduce the Payne effect of silica and lead to an improved dispersion.
TEM Photographs of Silica and Mesoporous Silica
TEM photographs of (a) silica 1165 and (b) mesoporous silica are shown in Figure 4 . Comparing (a) with (b), it is found that silica has larger primary particles, while mesoporous silica presents a very thin layer with smaller pores. Mesoporous silica has a higher surface area of 650 m 2 /g than the silica employed in this study (165 m 2 /g). So friction between mesoporous silica and the matrix is greater. And there could not exist bound rubber because the small porous structure of mesoporous silica restricts the development of bound rubber [18] . Thus, mesoporous silica filled EVM/PLA blends exhibited improved damping performance.
Effects of Glass Beads/Silica Mixture on the Damping Properties of EVM/PLA Blend
The tan δ-T curves of blends filled with 30 phr silica and filled with glass beads/silica mixture are shown in Figure 5 . It should be noted that the value of tan δ for the blend filled with 30 phr silica is lower than 0.3 at around 20˚C. When a glass beads/silica mixture was used, the low tan δ at around 20˚C was increased, so the EDTR of blend was widened from 81˚C to 85˚C. Figure 6 shows the G′ -strain curves of EVM/PLA filled with different fillers. It can be seen that the glass beads/silica mixture filled blend has a lower G′ ∆ than the silica filled blend suggesting that the glass beads hinder the interaction of silica with silica and the dispersion of fillers in the blend was improved. Figure 7 is a TEM photograph of the glass beads. The glass beads are promising filler for damping materials due to their hollow, spherical structure [19] . It can also be seen that there are some little tiny particles on the surface of the larger bead, which could induce more friction between matrix polymer and the fillers. Thus, the special structure of glass beads may impart an improved damping performance to EVM/PLA blends. Table 1 shows the mechanical properties of blends with different fillers. From Table 1 , comparing the data for blends filled with 30 phr silica with those containing mesoporous silica or glass beads, it can be inferred that the latter had slightly lower tensile strengths, elongation at break and hardness, but that the tension set was considerably decreased. The blend filled with mesoporous silica had slightly higher tear strength and moduli at 100% and 300% strain, which might be induced by its special structure. The blends filled with glass beads had the lowest tension set. In conclusion, the best retention of mechanical properties while considerably improving the damping properties is achieved using mesoporous silca/silica blends as filler.
Dispersion of Silica and Glass Beads/Silica Mixtures in EVM/PLA Blends
TEM Photographs of Glass Beads
Effects of Different Fillers on the Mechanical Properties of EVM/PLA Blends
Conclusions
1) EVM700 was immiscible with PLA; the effective damping temperature range (EDTR) of the blends filled 30 phr silica was widened to 81˚C.
2) The EDTR of EVM/PLA blends filled with mesoporous silica and glass beads were widened to 86˚C and 85˚C, respectively. 3) Mesoporous silica and glass beads mixed with silica could improve the dispersion of fillers in EVM/PLA blends.
4) The blends filled with mesoporous silica or glass beads had a lower tensile strength and elongation at break and a little higher modulus and tear strength. The tension set decreased dramatically. EVM/PLA blends filled with mesoporous silica/silica blends retained reasonable mechanical properties while having improved damping performance.
